




Assessment of Fischer−Tropsch liquid fuels 
production via solar hybridized dual fluidized 




Thesis submitted for the degree of Doctor of Philosophy 
 
School of Chemical Engineering 
Faculty of Engineering, Computer & Mathematical Sciences 




Table of contents 
i 
 
Table of Contents 
ABSTRACT ···················································································· iv 
DECLARATION ·············································································· vii 
ACKNOWLEDGEMENT ································································· viii 
PREFACE ······················································································· x 
CHAPTER 1 INTRODUCTION ··························································· 1 
1.1 Background·············································································· 2 
1.1.1 Fischer-Tropsch liquid fuels production ········································ 2 
1.1.2 Gasification of solid fuels ························································ 5 
1.1.3 Application of biomass and solar energy for FTL fuels production ········ 8 
1.2 Scope and structure of the thesis ····················································12 
CHAPTER 2 LITERATURE REVIEW ················································· 14 
2.1 Introduction ············································································15 
2.2 Fischer-Tropsch liquid (FTL) fuels production ···································15 
2.2.1 FTL fuels production via coal gasification ····································15 
2.2.2 FTL fuels production via natural gas reforming ······························16 
2.2.3 FTL fuels production via biomass gasification ·······························17 
2.3 Solar gasification ······································································20 
2.3.1 Directly irradiated solar gasifiers ···············································21 
Table of contents 
ii 
 
2.3.2 Indirectly irradiated solar gasifiers ·············································24 
2.3.3 Solar hybridized dual fluidized bed gasifier ··································27 
2.4 Solar hybridized FTL fuels production process ···································32 
2.5 Gasification reactivity and characteristics of torrefied biomass char ··········36 
2.5.1 Gasification of torrefied biomass ···············································36 
2.5.2 Char characteristics ·······························································38 
2.6 Implications for current study ·······················································46 
2.7 Objectives of the present study ······················································47 
CHAPTER 3 PERFORMANCE ASSESSMENT OF FISCHER−TROPSCH 
LIQUID FUELS PRODUCTION BY SOLAR HYBRIDIZED DUAL 
FLUIDIZED BED GASIFICATION OF LIGNITE ··································· 49 
CHAPTER 4 SYSTEM OPTIMIZATION FOR FISCHER−TROPSCH 
LIQUID FUELS PRODUCTION VIA SOLAR HYBRIDIZED DUAL 
FLUIDIZED BED GASIFICATION OF SOLID FUELS ···························· 65 
CHAPTER 5 GASIFICATION REACTIVITY AND PHYSICOCHEMICAL 
PROPERTIES OF THE CHARS FROM RAW AND TORREFIED WOOD, 
GRAPE MARC, AND MACROALGAE ················································ 78 
CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS ···················· 94 
6.1 Conclusions ············································································95 
6.1.1 Performance Assessment of Fischer−Tropsch Liquid Fuels Production by 
Solar Hybridized Dual Fluidized Bed Gasification of Lignite ························96 
Table of contents 
iii 
 
6.1.2 System optimization for Fischer−Tropsch liquid fuels production via solar 
hybridized dual fluidized bed gasification of solid fuels ······························98 
6.1.3 Gasification reactivity and physicochemical properties of the chars from 
raw and torrefied wood, grape marc and macroalgae ································ 100 
6.2 Recommendations for future work················································ 101 






To mitigate the emissions from the widely studied and even applied coal to FT liquid 
(FTL) fuels systems, two kinds of promising renewable energy, biomass and solar 
energy, have been proposed and assessed as a partial or total substitute for coal feed. 
The concept of a solar hybridized FTL fuels production system has the potential to 
obtain higher productivity with lower greenhouse gas emissions, when compared with a 
conventional system. However, less attention has been paid to the comprehensive 
system analysis of this topic. Hence, the aim of the present thesis is to achieve the 
annual performance of the solar hybridized solid fuels to FTL fuels processes with 
novel configurations. 
A novel solar hybridized dual fluidized bed (SDFB) gasification process for FTL fuels 
production is proposed and investigated in the present thesis for cases with high 
reactivity solid fuels as the feedstock. The concept offers sensible thermal storage of the 
bed material and a process that delivers a constant production rate and quality of syngas 
despite solar variability. As a reference scenario for this concept, the proposed solar 
hybridized coal-to-liquids (SCTL) process is simulated for the case with lignite as the 
feedstock using a pseudo-dynamic model that assumes steady state operation at each 
time step for a one-year, hourly integrated solar insolation time series. For a solar 
multiple of 3 and bed material storage capacity of 16 h, the calculated annual solar 
share is 21.8%, assuming that the char conversion in the steam gasification process is 
100%. However, the solar share is also found to be strongly dependent on the char 
conversion in the steam gasification process, so that the solar share is calculated to 




New configurations of the solar hybridized solid fuels (biomass and/or coal) to FTL 
fuels process are proposed and assessed, which are characterized with a novel SDFB 
gasifier with char separation, the incorporation of carbon capture and sequestration 
(CCS) and/or the use of FT reactor tail-gas recycle. Montana lignite and spruce wood 
have been chosen as the studied coal and biomass, respectively. Assessed using the 
pseudo-dynamic model, the annual solar share of the SCTL system can be increased 
from 12.2% to 20.3% by the addition of the char separation, for a char gasification 
conversion of 80%. To achieve well-to-wheel greenhouse gas emissions for FT liquid 
fuels parity with diesel derived from mineral crude oil, a biomass fraction of 58% is 
required for the studied non-solar coal and biomass-to-liquids system with a dual 
fluidized bed (DFB) gasifier. This biomass fraction can be reduced to 30% by the 
addition of carbon capture and sequestration and further reduced to 17% by the 
integration of solar energy with a solar multiple of 2.64 and a bed material storage 
capacity of 16 h. This reduction of the biomass fraction is very important given that 
biomass is typically more expensive than coal. As the biomass fraction is increased 
from 0% to 100%, the specific FT liquids output is decreased from 59.6% to 48.3% due 
to the increasing light hydrocarbons content. These two outputs (for biomass fractions 
of 0% and 100%, respectively) can both be increased to 71.5% and 70.9%, respectively, 
by integrating a tail-gas recycling configuration.    
Co-gasification of biomass with coal has the potential to further reduce the GHG 
emission from the SCTL systems, as discussed above. The application of biomass is 
usually limited by some properties (e.g., high moisture, low heating value and so on), 
which can be improved by torrefaction, as proved by previous work. Previous work also 
found that torrefaction can impact the bio-char gasification reactivity. In the present 




reactivity, further investigations were carried out on the char physicochemical 
characteristics that can influence the gasification reactivity, i.e., the char specific 
surface area, the char carbonaceous structure and the catalytic effect of inorganic matter 
in the char. The present experimental investigation showed that the influence of the 
torrefaction on the char gasification reactivity depended strongly on the biomass species 
and char preparation conditions. For a pyrolysis temperature of 800 ºC, the gasification 
reactivity of the chars from both the torrefied grape marc and the torrefied macroalgae 
were found to be lower than that of the chars from their corresponding raw fuels. This is 
mainly due to a lower specific surface area and a lower content of alkali metals (sodium 
and/or potassium) in the chars produced from both the torrefied grape marc and the 
torrefied macroalgae than for those chars produced from their corresponding raw fuels. 
However, the opposite influence of torrefaction was found for the macroalgae char 
when the pyrolysis temperature was increased to 1000 ºC. This is mainly due to a 
higher sodium concentration and a more amorphous carbonaceous structure for the 
torrefied macroalgae char than for the raw macroalgae char. 
In the present thesis, the process modelling results can be used for further economic 
analysis of the proposed novel configurations of solar hybridized coal and/or biomass to 
FTL fuels system via an SDFB gasifier. In addition, according to the experimental 
results of this study, the investigation of the influence of torrefaction on the bio-char 
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1.1 Background  
1.1.1 Fischer-Tropsch liquid fuels production 
The continual depletion of crude oil reserves, energy-supply security concerns and the 
projected long-term demand for transport liquid fuels has provided motivation for the 
development of alternative fuels. The gasification of solid feedstocks (e.g., coal and/or 
biomass), together with the subsequent Fischer-Tropsch (FT) processing of the syngas, 
is considered to be one of the promising classes of technology to meet this need due to 
its capacity to process a variety of feedstock (e.g., coal, biomass, petroleum coke and so 
on), and the high quality of the FT liquid (FTL) fuels (being free of sulphur, nitrogen, 
and other contaminants typically found in petroleum products), and its compatibility 
with the requirements of current vehicles (Takeshita & Yamaji, 2008). 
1.1.1.1 Fischer-Tropsch synthesis 
The Fischer-Tropsch (FT) synthesis is a set of catalytic chemical reactions that convert 
syngas (CO and H2) into long chain hydrocarbons. It was first developed by Franz 
Fischer and Hans Tropsch in Germany in 1920s. Equations 1.1 and 1.2 describe the FT 
reaction in its simplest form (Trimm & Adesina, 1996).  
 (2𝑛 + 1)H2 + 𝑛CO → C𝑛H2𝑛+2 + 𝑛H2O (1.1) 
 2𝑛H2 + 𝑛CO → C𝑛H2𝑛 + 𝑛H2O (1.2) 
The FT reaction is catalyzed by both iron and cobalt at pressures ranging from 10 to 
60 bar and at temperatures ranging from 200 to 300 °C (Ail & Dasappa, 2016). For 
cobalt catalysts, the required ratio ranges between 2.06−2.16 since the extent of the 
water gas shift reaction (CO + H2O ↔ CO2 +H2) is negligible (Dry, 2004; Tavasoli, et 
al., 2007; Ail & Dasappa, 2016). However, the water-gas shift reaction occurs 




concurrently with the FT reaction when iron is used as a catalyst, thus making it 
possible to use syngas with an H2/CO ratio of less than 2.1 (Ail & Dasappa, 2016). 
The FT product distribution follows the Anderson–Schultz–Flory (ASF) chain length 
statistics as shown in Equation 1.3: 
 αCn = (1 − 𝛼)𝛼
(𝑛−1) (1.3) 
Here αCn is the mole fraction of hydrocarbons with n carbon atoms in the product from 
the FT reactor; α is the chain growth probability. A higher value of α will lead to a 
higher production (Dry, 2002) although variations may be required to account for the 
nature of the catalyst particles (Overett, et al., 2000). 
1.1.1.2 Conversion processes for FTL fuels production 
Figure 1.1 presents a simplified process flow diagram for FTL fuels production. Syngas 
generation via gasification or reforming has been widely studied and demonstrated. 
Since the present thesis will focus on the solid fuels to FTL fuels production, syngas 
generation via reforming will not be discussed in the following sections. Nitrogen free 
syngas is preferred here to lower the size of the downstream reactors and to achieve 
better conversion of the FT synthesis process. Therefore, pure oxygen is required by the 
autothermal syngas generation processes (in which part of fuel is burned to provide heat 
for the syngas generation processes) while air is still acceptable for the allothermal ones 
(in which the heat required by the syngas generation processes is provided by external 
combustion processes, e.g., dual fluidized bed gasifier) (Hofbauer, et al., 2002). Since 
the FT synthesis process requires clean syngas with a specific H2 to CO molar ratio, the 
raw syngas should be cleaned and upgraded by removing the contaminants and acid 
gases (e.g., H2S, particles, HCN, NH3, CO2, COS, HCl and so on) and by adjusting the 
H2 to CO ratio (e.g., using a water gas shift reactor) before being sent to the FT reactor. 




Then the FT liquids can be upgraded to produce the target fuels (e.g., gasoline, diesel, 
kerosene, etc). 
 
Figure 1.1 A simplified process flow diagram for FTL fuels production. 
The vast reserves and relatively low cost of coal, as well as the relatively well 
developed coal gasification technology, have led to great international interest in the 
production of FTL fuels via the gasification of coal. However, the high greenhouse gas 
emissions from coal-to-liquids (CTL) processes are a major barrier to their 
implementation. Co-gasification of biomass with coal, carbon capture and sequestration 
(CCS) technology, as well as the concept of solar gasification, have the potential to 
mitigate these emissions. 
1.1.1.3 Application prospect of FTL fuels 
The industrial application of the FT process started in Germany and by the 1940s, there 
were nine plants in operation with a total capacity of about 600 × 103 t per year (Schulz, 
1999; Dry, 2002). After the second world war, these plants ceased to operate due to the 
availability of cheaper crude oil resulting from the discovery of big oil fields, e.g. in 
Saudi Arabia, Alaska, the North Sea and other areas (Dry, 2002). However, a 
coal-based FT plant was built in Sasolburg, South Africa, during the 1950s, relying on 
extremely cheap domestic coal and the particular State policy. By 2007, South Africa’s 
FT plants produced over 150×103 barrels of liquid fuels per day, which was more than 
40% of its national liquid fuels requirements (Gibson, 2007). Over the past half century, 




in consequence of the considerably varied price of the crude oil, the decisions to 
construct FT plants have clearly been fraught with risk.  
The economic factor is not the only one which can influence the development of FT 
technology. Environmental demands and energy supply security concerns also provide 
incentives to apply the FT process. Moreover, FTL fuels are largely compatible with 
current vehicles and are blendable with current petroleum fuels (Tijmensen, et al., 2002; 
Takeshita & Yamaji, 2008). Due to the syngas cleaning process, which is necessary for 
the FT synthesis process, FT products are free of sulphur, nitrogen, aromatics, and other 
contaminants typically found in petroleum products, which is especially true for 
FT-diesel with a very high cetane number (Takeshita & Yamaji, 2008). Beyond this, the 
clean FTL fuels are expected to be suitable for fuel cell vehicle applications without 
damaging the fuel cell catalyst (Tijmensen, et al., 2002). In addition, any carbonaceous 
feedstock (e.g., coal, biomass, natural gas and so on) can be used to produce syngas for 
the FT synthesis process to produce liquid fuels which are easy to transport and store. 
The diverse feedstock of the FT process can strengthen the energy supply security for 
countries poor in oil but rich in other carbonaceous fuels. For instance, China imported 
around 60% of the petroleum it consumed in 2015 (IEA, 2016). Therefore, in China, the 
proponents of coal to liquids (CTL) technology argue that the country should take 
advantage of its abundant coal reserves to reduce its dependence on imported petroleum. 
1.1.2 Gasification of solid fuels 
In typical gasification processes of coal, biomass and other solid carbonaceous fuels, a 
series of physicochemical processes (drying, pyrolysis, heterogeneous and 
homogeneous reactions) take place in different temperature ranges. A simplified 




chemical reaction sequence for the gasification of coal or biomass is shown in Figure 
1.2. 
 
Figure 1.2 Simplified reaction sequence for gasification of coal or biomass (Higman & 
van der Burgt, 2003). 
1.1.2.1 Drying and pyrolysis 
In the drying process, moisture migrates from inside the particle to the surface and then 
evaporates by absorbing heat according to the following equation (Bell, et al., 2011): 
 H2O (l)  
𝑑𝑟𝑦𝑖𝑛𝑔
→    H2O (g)     ∆H𝑅 =  43.99𝑘𝐽 𝑔𝑚𝑜𝑙⁄  (1.4) 
 
In the solid fuels (e.g., coal and biomass) gasification process, pyrolysis is a series of 
complex physical and chemical processes which takes place as the temperature 
increases to above 200 ˚C. 
 𝑆𝑜𝑙𝑖𝑑 𝑓𝑢𝑒𝑙 (𝑠)
𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠
→       𝑐ℎ𝑎𝑟 (𝑠) + 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 (𝑔)  ∆H𝑅 =  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒, 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 (1.5) 




1.1.2.2 Reaction with oxygen 
In an air or oxygen blown gasifier, O2 can react with the char and volatiles to form 
combustion and/or partial combustion products according to the following equations 
(Bell, et al., 2011): 
 
Volatiles + O2  → 𝐶𝑂2 + 𝐶𝑂 + 𝐻2 +𝐻2𝑂 + 𝐻2𝑆 + 𝑆𝑂2 
∆H𝑅 = 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒, 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 
(1.6) 
 C + O2  → CO2     ∆H𝑅 = −393.98𝑘𝐽 𝑚𝑜𝑙⁄ 𝑐𝑎𝑟𝑏𝑜𝑛 (1.7) 
 C + 1 2⁄  O2  → CO    ∆H𝑅 = −110.65𝑘𝐽 𝑚𝑜𝑙⁄ 𝑐𝑎𝑟𝑏𝑜𝑛 (1.8) 
The heat generated from these reactions with oxygen can be used to drive the other 
endothermic gasification reactions in the gasifier. 
1.1.2.3 Other gasification reactions 
Two important gasification reactions, i.e., the steam gasification reaction (Equation 1.9) 
and Boudouard reaction (Equation 1.10), also take place in most of the gasifiers (Bell, 
et al., 2011).  
 C + H2O → H2 + CO     ∆H𝑅 = +131.46𝑘𝐽 𝑚𝑜𝑙⁄ 𝑐𝑎𝑟𝑏𝑜𝑛 (1.9) 
 C + CO2  → 2 CO    ∆H𝑅 = +172.67𝑘𝐽 𝑚𝑜𝑙⁄ 𝑐𝑎𝑟𝑏𝑜𝑛 (1.10) 
In most of the gasifiers, the pyrolysis and heterogeneous reactions involving oxygen 
(Equations 1.7 and 1.8) are fast. Therefore, the slower steam gasification reaction 
(Equation 1.9) and the Boudouard reaction (Equation 1.10) determine the required 
gasifier residence time (Higman & van der Burgt, 2003). 




1.1.2.4 Other gas phase reactions 
Due to the high temperature in the gasifier (typically higher than 700 ˚C), the water-gas 
shift reaction (Equation 1.11) and steam reforming reaction (Equation 1.12) may occur 
spontaneously even in the absence of a catalyst (Bell, et al., 2011). 
 CO + H2O ↔ CO2 + H2     ∆H𝑅 = −20.6𝑘𝐽 𝑚𝑜𝑙⁄  (1.11) 
 CH4 + H2O ↔ CO + 3H2     ∆H𝑅 =  103.1 𝑘𝐽 𝑚𝑜𝑙⁄  (1.12) 
   
1.1.3 Application of biomass and solar energy for FTL fuels 
production 
As discussed above in Section 1.1.1.2, the CTL processes have been widely 
investigated and even applied due to the plentiful reserves and relatively low cost of 
coal. To mitigate CO2 emissions from the CTL processes, two kinds of promising 
renewable energy, biomass and solar energy, have received growing attention as partial 
or total substitutes for the coal feed.  
1.1.3.1 Application of solar energy 
In the conventional gasification processes, a portion of the feedstock is combusted to 
provide high-temperature heat for the endothermic gasification reactions (as discussed 
in Section 1.1.2). To increase the syngas yield per unit of feedstock and reduce the 
amount of CO2 produced from the gasification process, solar gasification has been 
widely investigated in the past few decades (Piatkowski, et al., 2011). Solar gasification 
is a process in which concentrated solar thermal provides the heat to drive the 
endothermic reactions, which displaces the partial combustion of feedstock in the 
conventional gasification process. Therefore, compared with the conventional solid 




fuels to FTL fuels process, the FTL fuels production system via a solar gasification 
process has the potential to achieve a greater FTL fuels output per unit of feedstock and 
lower CO2 emissions. However, the transient nature of the solar resource would result 
in an intermittent syngas output from the solar gasification process, which would 
impact the downstream operation of the FTL fuels production process. 
With sufficient energy storage, a stable flow-rate and composition of syngas to the FT 
reactor can potentially be obtained over a full year of operation for the FTL fuels 
production system via a solar gasification process. In addition, since no secondary 
source of thermal energy is proposed to be used to drive the gasification reactions, this 
type of system has the potential to achieve a significant solar share, which is a 
parameter defined as the fraction of the total energy flow attributed to solar energy. 
Solar share can be defined in two different ways: either based on energy inputs or 
energy outputs (Sheu, et al., 2012). The solar share defined based on energy output can 
show the percentage of output that comes from solar. However, two types of product 
(electricity and liquid fuels) are usually proposed in the FTL fuels production system. 
Therefore, it is better to evaluate the variation of each type of product that resulted from 
the integration of solar energy rather than using a single parameter solar share. In the 
present thesis, solar share is defined based on the energy input to present the percentage 
of solar energy in the total energy input, thus indicating the ratio of carbonless solar 
energy input to the carbonaceous fuel input. However, the huge capacity for energy 
storage required by the system discussed above would limit its application (Kaniyal, et 
al., 2016).  
On the other hand, solar hybridized FTL fuels production systems were proposed, 
together with solar hybridized gasification processes, to maintain a continuous and even 
steady input to the FT reactor. In these systems, a secondary source of thermal energy 




(e.g., the partial combustion of the feedstock, combustion of synthesis gas product and 
so on) is proposed to be supplied to assist the solar thermal input. Hybridization 
requires a much lower amount of energy storage to maintain a continuous and steady 
operation of the FT reactor, even if this is at the expense of reduced solar share 
(Kaniyal, et al., 2013b; Kaniyal, et al., 2016). Therefore, increasing attention has been 
focused on the investigation of solar hybridized FTL fuels production. However, of the 
recently proposed solar hybridized coal and/or biomass to FTL fuels systems, the high 
gasification temperature (> 1200 ˚C) (Kaniyal, et al., 2013a; Kaniyal, et al., 2013b), the 
unsteady operation of the FT synthesis process (Kaniyal, et al., 2013a; Kaniyal, et al., 
2013b), the need for storage of syngas (Kaniyal, et al., 2013a; Kaniyal, et al., 2013b; 
Kaniyal, et al., 2016) and/or the need for high temperature molten salt storage 
(Hathaway, et al., 2014; Nickerson, et al., 2015) have impeded their application.  
1.1.3.2 Application of biomass 
The gasification of biomass has been widely studied because the greenhouse gas 
emissions can potentially be reduced by substituting biomass for coal. In addition, the 
continual depletion of fossil fuel reserves and the increasing global population have also 
provided motivation for the development of the utilization of biomass as an alternative 
renewable energy source. In addition to the widely studied woody biomass, the utilization 
of agricultural and industrial residues and algal biomass has also received much attention. 
Agricultural and industrial residues have significant economic advantage, while the algal 
biomass has merits including the high areal energy yields, adaptability to a diverse range of 
aquatic environments and no requirement for arable land (Lawton, et al., 2013; Stephens, et 
al., 2013; Kumar, et al., 2016; Neveux, et al., 2016). However, the application of biomass 
can be limited by the typically high cost (compared with coal) and some biomass 
properties, e.g., the high oxygen content, high moisture content, low calorific value, 




hygroscopic nature and low density, which can result in a low conversion efficiency and 
difficulties in collection, grinding, transportation and/or storage. 
Torrefaction is a mild thermal pre-treatment technology (200−300 ºC) that has been 
widely studied and demonstrated to improve these properties thus making the biomass 
more suitable in large scale applications (e.g., fluidized bed gasification, high 
temperature entrained flow gasification). Various types of reactors (e.g., fluidized bed 
reactors, moving bed reactors, rotary drum and toroidal reactors) have been proposed 
and/or demonstrated for large-scale torrefaction processes (Chew & Doshi, 2011; Chen, 
et al., 2015; Thrän, et al., 2016). Even if the commercial implementation of torrefaction 
is currently in its early phase, its potential has been demonstrated by running pilot-scale 
and demonstration plants (Chew & Doshi, 2011; Thrän, et al., 2016).  
In addition, an influence of torrefaction on bio-char gasification reactivity has also been 
found (Couhert, et al., 2009; Fisher, et al., 2012; Weiland, et al., 2014; Karlstrom, et al., 
2015; Li, et al., 2015; Cerone, et al., 2016; Ku, et al., 2016; Kulkarni, et al., 2016), 
which can influence carbon conversion during the gasification process, thus affecting 
the whole FTL fuels production process. To better understand the influence of 
torrefaction on bio-char gasification reactivity, the factors affecting reactivity (e.g., the 
specific surface area, the catalytic inorganic matter content and the carbonaceous 
structure) of the bio-chars prepared from raw and torrefied biomass should be 
investigated. However, little work has been undertaken on this topic. 
The aims of the present thesis are to evaluate the annual performance of the solar 
hybridized coal and/or biomass to FTL fuels processes with novel configurations and to 
better understand the influence of torrefaction on the bio-char gasification reactivity. To 
meet the former aim, a novel solar hybridized dual fluidized bed (DFB) gasification 




process is proposed for FTL fuels production as a reference scenario. Furthermore, 
based on this reference scenario, additional new configurations of solar hybridized FTL 
fuels process are also proposed, which are characterized with a novel SDFB gasifier 
with char separation, the incorporation of carbon capture and sequestration (CCS) 
and/or the use of FT reactor tail-gas recycle. All of these proposed systems are assessed 
by using a pseudo-dynamic model for coal and/or biomass. The latter aim is met by 
experimentally investigating the gasification reactivity, the specific surface area, the 
carbonaceous structure and the catalytic inorganic element content of both the raw and 
torrefied biomass chars produced under various conditions. 
1.2 Scope and structure of the thesis 
Chapter 2 provides a critical review of the literature relating to solar hybridized FTL 
fuels production and bio-char reactivity. The emphasis of this chapter is on the solar 
gasification processes, solar and non-solar FTL fuels production processes, factors 
affecting char reactivity (char characteristics), and the influence of torrefaction on the 
char gasification reactivity. 
Chapter 3 presents the first of three journal publications, and proposes a novel solar 
hybridized dual fluidized bed gasification process for FTL fuels production using 
lignite as the feedstock. This concept offers sensible thermal storage of the bed material 
and a process that delivers a constant production rate and quality of syngas, despite 
solar variability. This solar hybridized FTL fuels production system is assessed using a 
pseudo-dynamic model that assumes steady state operation at each time step for a 
one-year, hourly integrated solar insolation time series. 
Chapter 4 presents the second of three journal publications, and proposes a new 
configuration of the solar hybridized dual fluidized bed gasification process with char 




separation for the production of FTL fuels from solid fuels of biomass and/or coal. The 
addition of carbon capture and sequestration and the used of FT reactor tail-gas recycle 
configurations is also assessed by simulating the new systems using the 
pseudo-dynamic model described in Chapter 3. 
Chapter 5 presents the final journal publication of the present thesis, and deals with the 
influence of torrefaction on the gasification reactivity of the char produced at different 
temperatures for three types of biomass, i.e., pine wood (woody biomass), grape marc 
(agricultural and industrial residue) and macroalgae (algal biomass). In addition, the 
influence of torrefaction on the factors affecting char reactivity (i.e., the char specific 
surface area, the char carbonaceous structure and the catalytic inorganic element 
content in the char) was also investigated to further explain the variation of the char 
reactivity caused by the torrefaction.  
Chapter 6 presents the conclusions of the work, together with the recommendations for 
future work in this area of research. 
Finally, a list of the references cited in Chapters 1, 2 and 6 is given. All other references 




















This chapter reviews the published literature related to solar hybridized FTL fuels 
production and bio-char reactivity. The emphasis of this chapter is on the solar and 
non-solar FTL fuels production processes, solar gasification processes, factors affecting 
char reactivity (i.e., char specific surface area, char carbonaceous structure and catalytic 
inorganic matter in the char), as well as the influence of torrefaction on the bio-char 
gasification reactivity. 
2.2 Fischer-Tropsch liquid (FTL) fuels production 
2.2.1 FTL fuels production via coal gasification 
The commercial applications of the CTL technology were not very successful, except 
for the one in South Africa, as discussed in Section 1.1.1.3. Therefore, the long-term 
viability of CTL plants should be assessed considering the price fluctuations of crude 
oil and coal, policy factors and technology development. CTL was suggested as having 
the potential to account for around a third of global liquid fuels by 2050, without 
considering a climate policy (Henry Chen, et al., 2011). However, the huge carbon 
footprint could make the viability of the CTL process quite limited in regions with a 
climate policy. The techno-economic analysis was performed to assess the prospect of 
the CTL process in China by considering different system configurations and coupling 
carbon capture and sequestration (CCS) technology (Zhou, et al., 2013). The authors 
suggested that the recycled synthesis of unreacted syngas could be better than the 
once-through synthesis for liquid fuels production because more carbon could be 
incorporated into the liquid fuels through the recirculation. Moreover, although CCS 
technologies could lead to certain economic losses, it was also expected to be 
competitive if climate policies were applied. Another techno-economic analysis of CTL 




was also performed to assess the feasibility of the CTL technology in China (Zhou, et 
al., 2016). The economic analysis showed that it could be economically competitive to 
develop the CTL process, when the oil price was over 70 USD/bbl. Moreover, the 
authors also suggested that the CTL process was less thermodynamically efficient than 
the conventional crude oil to liquid fuels process due to the low carbon efficiency 
caused by the low H2 to CO molar ratio in the crude syngas generated by coal 
gasification.  
Depending on the types of feedstock and gasifier, as well as the operating conditions, 
the H2 to CO molar ratio produced through gasification is typically about 0.7–1.1 which 
is lower than the optimal ratio required by the FT synthesis process (typically around 2) 
(Adams & Barton, 2011). Therefore, the water-gas shift reaction (CO + H2O ↔ CO2 + 
H2) has been proposed to upgrade the syngas to the required H2 to CO molar ratio. 
However, the heat loss from the mildly exothermic water-gas shift reaction, together 
with the capital and energy intensive CO2 recovery step (CO2 generated by using the 
water-gas shift reaction) can cause a negative impact on the energetic, environmental 
and economic performance of the system (Adams & Barton, 2011; Fout, et al., 2015). 
2.2.2 FTL fuels production via natural gas reforming 
Compared with coal gasification, natural gas autothermal steam reforming can be used 
to generate syngas with a better H2 to CO molar ratio (around 2) for the FT synthesis 
process, thus achieving a better energetic and environmental performance of the FTL 
production process, compared with the coal gasification process (Sudiro & Bertucco, 
2009; Wood, et al., 2012). In addition, gas to liquids (GTL) technology is also expected 
to play an important role in reducing the natural gas flaring associated with oil 




production and monetizing the natural gas resources stranded in remote locations 
(Wood, et al., 2012).  
The life cycle greenhouse gas emissions of the natural gas to liquids process were 
calculated to be equivalent or less than that of the current fossil-fuel process (Baliban, 
et al., 2013). Compared with the performance of the GTL process with steam reforming 
alone, the GTL process with CO2/steam-mixed reforming has the potential to achieve a 
higher process efficiency and lower value in both the total CO2 emissions and the total 
product cost per unit of product. (Zhang, et al., 2016a). Nuclear energy was also 
proposed to provide the heat for natural gas reforming, thereby displacing the burning 
of natural gas (Salkuyeh & Adams Ii, 2013). The high-temperature helium produced in 
a modular helium reactor (a type of nuclear reactor in which helium is used as the 
coolant) was proposed to deliver the nuclear heat to natural gas reformer. For a coal and 
natural gas to liquids process without CCS, the calculated fossil fuel consumption can 
be reduced by up to 22%, while the calculated CO2 emissions can be decreased by up to 
44%, with the incorporation of carbonless nuclear energy. However, the CO2 emitted 
from nuclear fuel production and nuclear waste disposal processes were not considered 
in their analysis. 
Natural gas to FTL fuels processes will not be discussed in the following sections since 
they are beyond the scope of the present thesis. The present thesis will focus on the 
solid fuels to FTL fuels processes. 
2.2.3 FTL fuels production via biomass gasification 
As a type of promising renewable energy, biomass has been widely investigated as the 
feedstock for producing low-emission liquid fuels (Larson, 2006; Hu, et al., 2012; Ail 




& Dasappa, 2016). In addition, compared with the direct biomass to liquid process, FT 
liquid fuels have a significant environmental advantage because they are free of sulphur.  
2.2.3.1 Biomass only processes 
Techno-economic analysis has been widely performed to evaluate the viability of the 
biomass to liquids (BTL) process. The evaluation of an FTL fuels production system 
with 400 MWth biomass input shows that a calculated overall efficiency of 45% (HHV 
basis) can be achieved while the system has the potential to produce FTL fuels at 
16 €/GJ (the biomass price was assumed to be 3 €/GJ) (Hamelinck, et al., 2004). In 
addition, better energetic and economic performance of the system is also expected with 
the increasing scale and technology improvements. In Finland, there is the potential to 
produce FT bio-diesel at a cost of around 18 €/GJ, including by-products income 
(Natarajan, et al., 2014). A techno-economic analysis has also been performed for two 
biomass to liquids (BTL) plants based on gasification utilizing 2000 t/d (~ 390 MW) 
corn stover (dry basis, ~ 4.9 USD/GJ) (Swanson, et al., 2010). A low temperature 
(870 ˚C) fluidized bed gasifier and a high temperature (1300 ˚C) entrained flow gasifier 
were proposed for the two plants, respectively. The analysis shows that the high 
temperature gasification scenario has the potential to produce gasoline with a lower cost 
(about 30.3−37.7 USD/GJ) than the low temperature one, although the investment costs 
(500−650 million dollars) are higher. The costs of the FTL liquid fuels produced from 
biomass can be significantly influenced by the cost of the feedstock. Even though the 
price of biomass is sensitive to species and time, it is generally more expensive than 
coal. In addition, if the BTL processes were widely applied, the feedstock cost would 
further increase due to the severe competition for biomass.  




2.2.3.2 Co-feed of biomass and coal 
Co-feed of biomass and coal to FTL fuels productions has the potential to take 
advantage of certain synergies between coal (high CO2 emissions, while low cost) and 
biomass (low CO2 emissions, but high cost), thus achieving certain emission targets 
with relative low cost (van Vliet, et al., 2009; Noureldin, et al., 2014). For example, Xie, 
et al. (2011) suggested that the calculated greenhouse gas emissions of the FT diesel 
(without CCS) could be at parity with diesel derived from mineral crude oil with a 
biomass fraction of 61% (with forest residue as the biomass). The application of CCS 
was suggested to have the potential to reduce this required biomass fraction to less than 
10%. To further reduce the calculated greenhouse gas emissions to close to zero, only 
55% of biomass in the feedstock (the biomass and coal mixture) is required, if CCS is 
applied. For a once-through coal and biomass (corn stover) to liquid process with CCS, 
a biomass fraction of only 9% (higher heating value basis) was required to achieve the 
calculated net life cycle greenhouse gas emissions for the FTL fuels parity with the 
liquid fuels derived from crude oil (the electricity co-product greenhouse gas credit is 
assumed to be 138 kg CO2 equivalent / MWh) (Larson, et al., 2010). For this system, 
there is the potential to produce FTL fuels at a cost of 12.2 USD/GJ. In addition, the 
calculated greenhouse emissions for the FTL fuels could be decreased to zero as the 
biomass fraction was increased to 37.4%. However, the calculated cost of the FTL fuels 
can be increased to 18.7 USD/GJ. van Vliet, et al. (2009) also suggested that the 
proposed FTL plant with CCS technology had the potential to produce liquid fuels with 
zero well-to-wheel emissions if 54% biomass was proposed to be co-gasified with coal. 
Furthermore, negative well-to-wheel emissions could be achieved by increasing the 
biomass fraction to a value higher than 54%. 




Parasitic electricity consumption and challenges in CO2 storage limit the application of 
CCS technology. Therefore, more investigation on the CO2 storage approaches needs to 
be performed. But this will not be discussed further in the present thesis since it is 
beyond the scope of this study. In addition, the application of biomass is limited by its 
relatively high cost and some biomass properties, as discussed in Section 1.1.3.2. 
Therefore, more renewable energy sources (e.g., solar) are also needed to further 
improve the energetic and environmental performance of the FT liquid fuels production 
processes.  
2.3 Solar gasification 
A solar hybridized FTL fuels production system, via a solar gasification process has the 
potential to obtain a greater FTL fuels output per unit of feedstock and lower CO2 
emissions. Solar gasification reactors have been widely studied since the 1980s and can 
broadly be classified as directly or indirectly irradiated reactors. In the directly 
irradiated reactors, the solid fuels are directly exposed to concentrated solar irradiation, 
while the heat is transferred to the reaction zone via an opaque wall or other medium in 
the indirectly irradiated reactors (Piatkowski, et al., 2011). Compared with the indirect 
reactors, the direct ones offer the advantage of a more efficient heat transfer, which 
enables a higher reaction temperature (Piatkowski, et al., 2011; Nathan, et al., 2017). 
Nevertheless, to introduce the irradiation to the reaction site, a directly irradiated reactor 
requires an aperture through which the convective losses should be minimized. For this 
reason, a quartz glass window was successfully employed in lab-scale reactors for 
short-term operation (Kodama, et al., 2002; Z'Graggen, et al., 2006; Z'Graggen, et al., 
2007; Piatkowski, et al., 2011; Gokon, et al., 2012). However, both the reliability and 
the scalability of the window become big challenges under high pressures and severe 




gas environments, especially for long-term application. On the other hand, interest is 
growing in investigating the indirectly irradiated reactors, which can eliminate the 
window, although the exergetic losses caused by the temperature difference between the 
wall and the reaction site need to be minimized (Piatkowski, et al., 2011; Nathan, et al., 
2017). Nevertheless, the challenges to the application of solar gasification are still 
linked to the methods and materials which are used to transfer the concentrated solar 
thermal to the reaction site reliably and efficiently. 
2.3.1 Directly irradiated solar gasifiers 
2.3.1.1 Packed-bed gasifier 
Solar gasification reactors have been widely studied since the 1980s, with directly 
irradiated packed bed solar gasifiers for both coal and biomass among the first types to 
be assessed (Gregg, et al., 1980; Taylor, et al., 1983). Simulated solar irradiation was 
introduced to the gasification zone through a window from the side (Gregg, et al., 1980) 
and top (Gregg, et al., 1980). Even though directly irradiated packed bed solar gasifiers 
are relatively simple, robust (for a wide range of feedstock) and cost effective, their 
performance is limited by the build-up of ash (especially for feedstock with a 
significant ash content), which then inhibits the irradiation heat to be transferred to the 
unreacted fuel (Kaniyal, et al., 2016). However, effective design to remove ash 
continuously has not be investigated yet. In addition, the limitations of heat and mass 
transfer through the bed and the window can impede the large-scale application of this 
type of gasifier. 
2.3.1.2 Fluidized bed gasifier 
Compared with packed bed gasifiers, fluidized bed gasifiers have a greater potential to 
be applied on a large scale due to their improved heat and mass transfer through the bed. 




Taylor, et al. (1983) proposed one of the first designs of solar fluidized bed gasifiers. 
The fluidized bed was located in a quartz tube through which the solar irradiation was 
introduced onto the top of the bed. The bed zone was surrounded by a ceramic 
reflector-insulator to reduce the heat loss. Murray and Fletcher (1994) designed another 
type of quartz tube fluidized bed gasifier which was located in a cavity. Simulated solar 
irradiation was introduced to the side of the bed. A similar design was also proposed by 
Kodama, et al. (2002) for coal gasification with CO2. However, quartz tube reactors are 
not reliable for large-scale applications (Puig-Arnavat, et al., 2013). Kodama, et al. 
(2010) studied the CO2 gasification of coal in a top windowed stainless steel fluidized 
bed gasifier prototype designed for beam-down optics. Based on this concept, an 
internally circulating fluidized bed gasifier was also proposed and used to investigate 
CO2 gasification of coal coke (Kodama, et al., 2008; Gokon, et al., 2012). Compared 
with the design of the fluidized bed gasifier without internal circulation, this design 
allows for a homogeneous and higher temperature (middle and bottom layer) inside the 
bed. Further demonstrations on the steam gasification of coal coke with and without 
quartz sand were also investigated in this type of gasifier by operating in batch mode 
(Gokon, et al., 2014; Gokon, et al., 2015). As suggested by the authors, this type of 
gasifier could be operated in continuous mode if a continuous feeding system and 
steady irradiation are available. However, for this type of gasifier, the window could be 
contaminated by the elutriated particles and dust, thus reducing its reliability, especially 
for large-scale applications.  
2.3.1.3 Vortex-flow gasifier 
As shown in Figure 2.1, a solar vortex-flow gasifier has been demonstrated in 5 kW 
scale to achieve good conversion of carbonaceous feedstock into syngas due to the high 
temperature (> 1000 ˚C) and relative long residence time resulting from the swirling 




flow in the gasifier (Z'Graggen, et al., 2006; Z'Graggen, et al., 2007; Z'Graggen, et al., 
2008). Inside the reactor, a steam-particle stream progressed towards the rear along a 
helical path, while the concentrated solar radiation was used to directly irradiate it. The 
aperture, through which the solar radiation was introduced into the reactor, was 
equipped with a diverging frustum for mounting the window where the radiation 
intensity is about 10 times lower and the dust deposition can be reduced. In addition, 
the window was protected from overheating and particle contamination by an 
aerodynamic curtain which would result in parasitic energy consumption. The upscaling 
of the 5 kW prototype vortex-flow gasifier to pilot-scale (300 kW to 500 kW) was 
investigated (Z'Graggen & Steinfeld, 2008; Vidal, et al., 2010). The experience of the 
pilot-scale plant operation would provide input to the pre-design of a larger scale 
commercial plant in the future. However, the vortex-flow gasifiers are restricted by the 
fine particle size requirement. Therefore, it could not be suitable for biomass 
gasification applications because the energy required for the grinding of biomass is very 
high in order to produce fine biomass particles (Mani, et al., 2004). In addition, the 
large-scale application of the vortex-flow gasifiers could be limited by the size of the 
window. The diameter of the window is already over 1 m for the pilot-scale (300 kW) 
application (Z'Graggen & Steinfeld, 2008).  





Figure 2.1 Scheme of the directly irradiated vortex-flow solar reactor configuration 
(Z'Graggen, et al., 2006; Z'Graggen, et al., 2007; Z'Graggen, et al., 2008). 
2.3.2 Indirectly irradiated solar gasifiers 
2.3.2.1 Packed-bed gasifier 
A 5 kW indirectly irradiated packed-bed gasifier was designed and tested (Piatkowski 
& Steinfeld, 2008; Piatkowski, et al., 2009). This gasifier consists of two cavities in 
series, separated by a radiant emitter plate (SiC-coated graphite plate). The beam-down 
incident solar radiation was introduced into the upper cavity through a window to heat 
up the radiant emitter plate, which then radiated the reactants in the lower cavity to 
drive the reactions. Therefore, the contact between the particles and the quartz window 
can be avoided by this plate. This type of gasifier was scaled up to 150 kWth and 
successfully used for the solar gasification of six different types of carbonaceous waste 
materials (industrial sludge, fluff, tire chips, dried sewage sludge, low-rank coal, and 
sugar cane bagasse). The authors also suggested that this solar reactor concept was 
scalable to a commercial application (MWth) and can generally tolerate bulk 
carbonaceous feedstock of any shape and size without prior processing. Similar to the 




directly irradiated packed-bed gasifier, the large-scale application of this type of 
indirectly irradiated packed-bed gasifier could be limited by the poor heat and mass 
transfer through the bed and by the build-up of ash on the surface (especially for 
feedstock with a significant ash content) (Kaniyal, et al., 2016). 
2.3.2.2 Tubular gasifier 
Solar reactors consisting of opaque tubular absorber(s) have also been used for 
gasification (Melchior, et al., 2009; Lichty, et al., 2010). The solar irradiation was 
introduced onto the tubular absorber(s) in a cavity through an aperture. The 
carbonaceous particles were transported through the hot zones of the tubes where the 
gasification reactions occur. A window is not necessary in this type of reactor if the 
material of the tubes can be stable in air at operational temperatures. In addition, this 
type of gasifier has the potential for large-scale application due to both the elimination 
of the window and the good heat and mass transfer inside the tube. However, large 
temperature differentials (potentially over 300 ˚C) were observed between tube 
locations, which could lead to different performances from each tube. In addition, to 
achieve high carbon conversion, fine particles and high temperatures (> 1000 ˚C) are 
required for this type of solar gasifier. The high temperatures could lead to high energy 
losses, while the fine particles requirement would limit the biomass application in this 
type of gasifier because the level of energy required for grinding biomass is very high 
to produce fine biomass particles (Mani, et al., 2004). A two zone solar reactor based 
on the combined drop-tube and fixed bed concepts was proposed and designed to retain 
the merit of the efficient radiative heat transfer inherent in drop tube reactors while 
overcoming their particle size and residence time restrictions (Kruesi, et al., 2013; 
Kruesi, et al., 2014). The drop tube zone located in the upper part of the gasifier was for 
fast pyrolysis while the trickle bed (in a porous structure) was for the char gasification, 




which was much slower compared with the pyrolysis. A series of 20-minute steam 
gasification experiments with bagasse particles was conducted in both the drop tube and 
the two zone solar reactors at a 1.5 kWth solar radiative power input. The results showed 
that both the CH4 and the C2 hydrocarbons were more efficiently decomposed in the 
two zone gasifier. Moreover, the bagasse feedstock was energetically upgraded by 5%. 
However, the operation of this type of gasifier could be limited by clogging of the 
porous structure, especially for high temperature and long-term operations. 
2.3.2.3 Molten-salt pool gasifiers 
Adinberg, et al. (2004) experimentally investigated the fast pyrolysis of cellulose 
particles in a molten salt medium at temperatures of 800−915 ˚C, using an electrically 
heated lab-scale reactor. A high heating rate of up to 100 ˚C/s was demonstrated for 
cellulose particles in the molten carbonates of sodium and potassium. At 850 ˚C, the 
conversion of biomass to gas was about 94 wt% for the fast pyrolysis in the molten salt 
medium, while it was only about 72% for the case in an inert gas medium without using 
the molten salt. A reactor concept was then developed for the utilization of concentrated 
solar thermal energy. This reactor, consisting of a set of vertical tubes to absorb solar 
radiation, exploited free convection of the molten salt to deliver the thermal energy to 
the reaction/thermal-storage medium. Biomass gasification in high temperature molten 
salt (mixture of lithium, sodium, and potassium carbonate) has also been investigated 
(Hathaway, et al., 2011). The results showed that, compared with an inert environment, 
the molten salt increased the rate of pyrolysis by 74% and increased the gasification 
rates by more than an order of magnitude, while promoting a product gas composition 
nearer to thermodynamic equilibrium predictions. Further analysis indicated that the 
increase in the pyrolysis rate was mainly caused by the heat transfer enhancement, 
while a catalytic effect of the molten salt was found during the char gasification process.  




A techno-economic analysis was performed for the solar biomass gasification in molten 
salt with various molten salt heat capacities and nominal syngas yield rates (Hathaway, 
et al., 2014). Comparing the cost of the syngas with the natural gas price, the authors 
suggested that this concept did not compete in United States at that time. However, this 
analysis did not include the potential greenhouse gas savings and consequent economic 
benefits. The authors recommended that pro-renewable policies (e.g., a tax rate 
reduction, a bond yield and duration reduction, and a production credit) and changes in 
natural gas economics would be necessary to make it competitive.  
However, the unstable chemical properties of molten salt at high temperatures 
(> 800 ˚C) could limit the application of molten-salt pool gasifiers (Ma, et al., 2014). 
The ash accumulation in the molten-salt has the potential to impact the operation of this 
type of gasifier, especially for high ash feedstock applications. Therefore, ash 
separation would be a challenge in this type of gasifier.  
As discussed in Sections 2.3.1 and 2.3.2, large-scale application of solar gasifiers is still 
in its early phase. Current proposed solar gasifiers are constrained by the issues about 
window reliability, reactor scalability, heat and mass transfer, feedstock size tolerance, 
heat medium stability and so on .Hence, it is desirable to seek alternative solar 
gasification concepts with the potential to address the challenges raised above.  
2.3.3 Solar hybridized dual fluidized bed gasifier 
Solid particles are considered to be well suited for use as a solar thermal heat carrier 
and storage medium due to their potentially lower cost and higher operating 
temperature (~ 1000 ˚C), compared with molten-salt (Kolb, et al., 2006; Ma, et al., 
2014). A dual fluidized bed gasifier has the potential to use solid particles to transfer the 
concentrated solar thermal to the gasification zones. Therefore, in this section, the 




merits and viability of the solar hybridized dual fluidized bed gasification concept are 
discussed. 
2.3.3.1 Conventional dual fluidized bed gasifier 
The dual fluidized bed gasifier, a type of allothermal gasifier, has been widely studied 
and demonstrated around the world (Feldman, et al., 1988; Hofbauer, et al., 2002; 
Hofbauer, et al., 2003; Sudiro, et al., 2008; Aigner, et al., 2011; Abdelouahed, et al., 
2012; Sauciuc, et al., 2012; Kern, et al., 2013a, 2013b; Kern, et al., 2013c; Saw & Pang, 
2013). In contrast with autothermal gasifiers, in which part of the fuel is oxidized by 
oxygen to provide heat for the endothermic gasification reactions, DFB gasifiers 
separate the combustion and gasification reactions. Figure 2.2 presents the concept of a 
DFB gasifier (Guo, et al., 2015). The feedstock is gasified with steam in the gasification 
reactor to produce syngas. The heat required by the gasification process is transferred 
from the combustion reactor via the hot bed material. The warm bed material and 
residue char from the gasification reactor are then sent to the combustion reactor in 
which the char is burned with air to heat the bed material. Additional feedstock is 
required in the combustion reactor if the char is not sufficient. 
 
Figure 2.2 Concept of dual fluidized bed gasifier (Guo, et al., 2015). 




Gasification of low rank coal, biomass or their blends has already been well 
demonstrated in the DFB gasifier (Aigner, et al., 2011; Schmid, et al., 2012; Kern, et al., 
2013a, 2013b; Kern, et al., 2013c; Saw & Pang, 2013). In addition, the DFB gasifier 
has also been successfully utilized to produce syngas for a pilot-scale FTL fuels 
production process without applying the downstream H2/CO ratio adjustment (Kim, et 
al., 2016). An average H2/CO ratio of 1.67 was obtained from the DFB gasifier, which 
satisfied the requirements of the iron-based FT catalysts used in the FT reactor. 
2.3.3.2 Potential to integrate solar energy 
In a DFB gasifier, the bed material can potentially be heated via concentrated solar 
thermal energy rather than via combusting additional feedstock in the combustion 
reactor. Figure 2.2 also identifies four alternative locations into which the concentrated 
solar thermal energy can potentially be introduced into a DFB gasification system, 
namely into the combustion reactor (location 1), into the hot bed material leaving the 
combustion reactor (location 2), into the gasification reactor (location 3), and into the 
bed material and char leaving the gasification reactor (location 4) (Guo, et al., 2015). 
Among these locations, location 2 will be considered in the present thesis due to its 
potential merits, as explored below. For this concept, concentrated solar energy is only 
proposed to heat the inert bed material. Therefore, it could be unnecessary to seal the 
particle solar receiver from the outside environment if the particles can survive in the 
outside environment at the operational temperature. Moreover, since solar energy can 
potentially be integrated into an additional solar receiver to heat the solid particles, no 
significant modification would be required to the demonstrated conventional DFB 
gasifier. In addition, the steady state operation of the gasification reactor can be 
achieved by maintaining the steady particle input to the gasification reactor. In this new 
concept, a solar hybridized dual fluidized bed gasifier, the heat required when solar is 




not available can be provided in the short term by the sensible heat stored in the hot 
solid particles or by the supplementary feedstock combustion in the combustion reactor 
when the storage of hot solid particles runs out. To maximize the solar input into the 
system, the combustion in the combustion reactor needs to be minimized. Therefore, the 
improvement of char gasification conversion could be important to reduce char 
combustion thus increasing the solar input, even though this could also increase the 
additional feedstock input into the combustion reactor when solar is not available. 
However, this solar hybridized dual fluidized bed gasification concept has not yet been 
investigated. 
2.3.3.3 Particle receiver 
In the solar hybridized dual fluidized bed gasification concept discussed above, the 
solar particle receiver is a key component in which the particles are proposed to be 
heated using concentrated solar thermal radiation. Inert solid particles can potentially be 
a relatively inexpensive alternative medium to transfer the high-temperature (~ 1000 ˚C) 
concentrated solar thermal to the gasification zone or to store the solar thermal heat as 
sensible heat (Bertocchi, et al., 2004; Tan & Chen, 2010; Röger, et al., 2011; Ho, et al., 
2014; Ho & Iverson, 2014; Xiao, et al., 2014). Due to the inert properties of the solid 
particles, solar radiation can be absorbed directly in air without the need for sealing, as 
discussed above, in Section 2.3.3.2. In addition, the selection of high-temperature inert 
particles can offer the potential to heat the particles to, and store the particles at, very 
high temperatures (~ 1000 ˚C). The concept of a falling particle receiver has been 
intensively studied for the last few decades (Hruby, 1986; Tan & Chen, 2010; Röger, et 
al., 2011; Ho, et al., 2014; Ho & Iverson, 2014; Ho, In Press), although only a few sets 
of on-sun tests of a simple falling particle receiver have been performed (Siegel, et al., 
2010; C.K. Ho, et al., 2015; C.K. Ho, et al., 2016). Those initial on-sun tests only 




obtained 50% thermal efficiency, a maximum particle temperature increase of about 
250 ˚C and a peak particle output temperature (near the centre of the receiver) of about 
720 ˚C. More recently, on-sun tests of a 1 MWth continuously recirculating particle 
receiver have been performed and have obtained bulk particle outlet temperatures 
reaching over 700 °C, and thermal efficiencies from ∼ 50% to 80%. A spiral solar 
particle receiver with a conical cover was also investigated using a solar simulator 
(Xiao, et al., 2014). Their experimental results showed that the particle temperature 
reached 650 ˚C and the thermal efficiency was about 60%. Experimental tests have 
been performed for a fluidized-bed receiver in which simulated solar irradiation was 
introduced from the top, while compressed air was used to fluidize the bed from the 
bottom (Flamant, et al., 1980). For a mean flux density of ∼500 kW/m2, the measured 
equilibrium temperatures of the particles were about 927 ˚C for silica sand and over 
1127 ˚C for silicon carbide. However, thermal efficiencies were only reported between 
20 and 40%. 
Better solar particle receiver design is still desired to reduce thermal losses, to increase 
the output temperature of particles and to increase the feasibility of large-scale 
application, while particles with better radiative properties and durability are still 
desired for high temperature operation and storage. If these challenges could be 
overcome, the particle receiver could be a promising technology for high-temperature 
(~ 1000 ˚C) utilization of concentrated solar thermal energy, thus increasing the 
feasibility of the concept of solar hybridized dual fluidized bed gasification. However, 
detailed investigation on the particle receiver is beyond the scope of the present thesis.  




2.4 Solar hybridized FTL fuels production process 
The gasification of solid feedstock, together with the subsequent FT processing of 
syngas, is considered to be one of the promising technologies to meet the long-term 
demand for reliable sources of transport liquid fuels, as discussed in Section 2.2. 
Recently, solar hybridized FTL fuels production has received much interest in the 
literature because of its potential to achieve greater FTL fuels production per unit of 
feedstock and lower CO2 emissions, compared with the conventional non-solar FTL 
fuels production processes (Kaniyal, et al., 2013a; Kaniyal, et al., 2013b; Hathaway, et 
al., 2014). However, the continuous and steady state operation desired by the FTL fuels 
production process and the transient nature of the solar resource lead to a challenge 
associated with the process integration. 
Sudiro and Bertucco (2007) proposed and assessed a solar hybridized FTL fuels 
production process combining steam gasification of coal and steam reforming of natural 
gas in a solar reactor. The calculated specific output per unit of feedstock (LHV of 
product/LHV of feedstock) of this solar hybrid process was about 95%, which was 
about 67% higher than that of a non-solar coal to liquid process. However, the 
assessment of this study is based on an averaged daily solar radiation and solar hour. 
Therefore, a more comprehensive assessment accounting for the seasonal, diurnal, and 
cloud-related variability of the solar resource was desired for the solar hybridized FTL 
fuels production system. 
Kaniyal, et al. (2013b) assessed a solar hybridized CTL system using a pseudo-dynamic 
model that assumes pseudo-steady state operation at each time-step, for a one-year, 
hourly integrated, solar insolation time series. A solar hybridized, oxygen blown, 
atmospheric pressure vortex-flow gasifier was proposed in this solar hybridized system, 




together with pressurized storage of upgraded syngas and oxygen. According to their 
results, with the integration of this pressured syngas storage unit, the variation in 
throughput of each unit of this solar system could be maintained within normal 
operational ranges despite the fluctuation in the transient solar input. In addition, due to 
the introduction of solar energy, a calculated annually averaged improvement of 21% to 
the total energetic output and a reduction of 30% in the mine-to-tank greenhouse gas 
emissions could be obtained.  
Further calculations were also performed to analyse the sensitivity of this solar 
hybridized CTL system’s performance to variations in gasification reactor pressure, to 
turn-downs in the solid fuel feed rate, and to the proportion of biomass co-gasified with 
coal (Kaniyal, et al., 2013a). The calculation results showed that with a 53 wt% 
biomass co-gasification fraction in the solar gasifier, a mine-to-tank greenhouse gas 
emissions parity with diesel production from crude oil could be obtained. However, for 
a non-solar CTL system, this calculated biomass fraction was about 65%. This 
reduction is very important because of some current issues of biomass applications 
including the steady and sustainable supply, cost, gasifier design and so on.  
In addition, the economic feasibility of this solar hybridized CTL system was also 
analysed for the plants built in 2020 (Saw, et al., 2015). The results showed that the 
total permanent investment cost (the economic data was reported in AUD) was around 
$467−$493 million for the solar hybridized CTL system producing 1500 barrel per day 
of FT liquids, depending on the solar site, while it was around $377−$384 million for 
its corresponding non-solar system. In addition, the levelised cost of fuel for the solar 
hybridized CTL plant was around $46−$49/GJLHV while it was about $40−$41/GJLHV 
for the corresponding non-solar plant. However, for this concept, the oxygen and 
syngas storage would limit its application. Moreover, the requirement for a window in 




the solar vortex-flow gasifier would reduce its reliability (especially for large-scale and 
long-term application) while the required fine particle size of feedstock would limit its 
application on the biomass gasification (as discussed in Section 2.3.1.3). 
Kaniyal, et al. (2016) analysed the storage capacity required to maintain continuous 
system operation of the stand-alone (solar energy is proposed to be the only thermal 
resource and energy storage is proposed to maintain the continuous and steady 
operation of the system) solar CTL system with a 150 kWth packed-bed solar gasifier. 
The calculation results showed that, for an assumed heliostat field collection area of 
1000 m2, at least 64 days of storage was required to maintain a stable flow-rate and 
composition of syngas to the FT reactor over a full year of operation. This value could 
be reduced to 35 days by increasing the heliostat field collection area from 1000 to 
1500 m2. However, the authors also suggested that the use of the packed-bed solar 
gasifier for FTL fuels production is unlikely to be viable without substantial changes to 
the design and operation of the reactor and/or downstream process. 
Davidson and co-workers have proposed an alternative solar hybrid allothermal gasifier 
in which the gasification of biomass is performed in a ternary eutectic blend of alkali 
carbonate molten salts (Hathaway, et al., 2014). High quality syngas (i.e., with low N2 
content) can be produced in this type of gasifier for the FTL production system without 
the need for an air separation unit (ASU), even if it needs to be operated under 
conventional non-solar conditions, when solar is not available. The heat of combustion 
is transferred indirectly to the gasification zones. This system also offers the advantages 
of a lower reactor temperature of around 927 °C, high conversion rates due to the 
catalytic influence of the salts, and good potential for integration with thermal energy 
storage through the use of the salt. However, this gasification technology is less well 
established. Moreover, the unstable chemical properties of the molten salt at high 




temperatures (~ 927 ˚C) could also limit the application of this concept (Gil, et al., 2010; 
Ma, et al., 2014). In addition, the ash accumulation in the molten-salt has the potential 
to impact on the operation of this type of gasifier, especially for high ash feedstock 
applications, as discussed in Section 2.3.2.3. 
The viability of the stand-alone solar FTL fuel production system would be limited by 
the huge amount of syngas storage (expensive) required to maintain the continuous 
system, as discussed above. On the other hand, the solar hybridized autothermal gasifier 
requires a cost and energy intensive ASU for pure oxygen during periods of low solar 
irradiation to maintain the continuous operation of the FTL fuels production system. In 
addition, the intermittent solar input leads to the intermittent operation of the ASU and 
the need for syngas storage (even though it is much smaller than the required syngas 
storage for the stand-alone system) to accommodate the unsteady syngas output, and 
both of these could add significantly to the costs. In addition, even though the 
molten-salt allothermal gasifiers can produce high quality syngas without the need for 
an ASU (air is acceptable for the external combustion) when solar is not available, the 
high temperature (~ 927 ˚C) operation of molten-salt together with the potential ash 
accumulation in the molten salt could limit its application in the solar hybridized FTL 
fuels production process. 
As another type of allothermal gasifier, DFB gasification (discussed in Section 2.3.3.2) 
has the potential to offer the use of relatively inexpensive inert solid particles as the 
medium for high temperature (~ 1000 ˚C) sensible heat storage (Ma, et al., 2014). Little 
relevant work on this concept of high temperature particle storage has been reported yet, 
hence more work on this concept still needs to be performed in the future. Detailed 
investigation of high temperature sensible heat storage using solid particles is beyond 
the scope of the present thesis. Moreover, the concept of solar hybridized DFB 




gasification also has the potential to provide a steady syngas output for the downstream 
process of the FTL plant, by maintaining the steady particle input to the gasification 
reactor (discussed in Section 2.3.3.2). However, this concept of solar hybridized DFB 
gasification has not been investigated for the FTL production process yet. 
2.5 Gasification reactivity and characteristics of torrefied 
biomass char 
2.5.1 Gasification of torrefied biomass 
2.5.1.1 Overview of torrefied biomass gasification 
Recently, more attention has been focused on the gasification of torrefied biomass due 
to its merits (e.g., lower O/C, lower moisture content, better grindability and so on) 
discussed in Section 1.1.3.2 (Prins, et al., 2006; Dudyński, et al., 2015). However, a 
lower carbon conversion for the torrefied biomass gasification was found, compared 
with the corresponding raw biomass gasification (Couhert, et al., 2009; Kwapinska, et 
al., 2015; Kulkarni, et al., 2016). One potential reason for this lower carbon conversion 
could be the higher char yield (the solid yield from the pyrolysis process) for the 
torrefied biomass compared with the corresponding raw biomass (Zheng, et al., 2013; 
Li, et al., 2014a). This higher char yield is mainly a result of both the volatile release 
and the cross linking and carbonization of cellulose during the torrefaction process 
(Elyounssi, et al., 2012; Zheng, et al., 2013). In addition, the lower gasification 
reactivity of the torrefied biomass char compared with the corresponding raw biomass 
char can also result in lower carbon conversion for the torrefied biomass gasification 
compared with the corresponding raw biomass gasification.   




2.5.1.2 Char gasification reactivity of the torrefied biomass 
Both the combustion and gasification reactivities of the torrefied willow char were 
found to be lower than those of the raw willow char (Fisher, et al., 2012). The chars 
were produced at 850 and 1000 ˚C at low (33 ˚C/min) and at 900 ˚C at high 
(> 30,000 ˚C/min) heating rates. In addition, the difference in char combustion 
reactivity between the raw and torrefied willow chars (the low heating rate) was found 
to decrease as the pyrolysis temperature was increased from 850 to 1000 ˚C. Moreover, 
the differences in both the combustion and gasification reactivities were found to 
increase with the heating rate (the charring condition).  
Li, et al. (2015) investigated the effect of torrefaction on the conversion behaviour of 
the forest residue char. Both the raw and torrefied forest residue chars were prepared in 
a drop tube reactor at 1200 ˚C with a heating rate greater than 104 ˚C/s. The authors 
employed a tracer method to study the conversion of carbon, oxygen, and hydrogen in 
forest residue char and torrefied forest residue char, after oxidation and gasification 
reactions in the drop tube reactor. The reactivity of the torrefied forest residue char was 
found to be lower than that of the raw forest residue char. The authors also found that 
the volume-mean size of the torrefied forest residue char particles is considerably larger 
than that of the raw forest residue char. This could be partially attributed to more 
intensive fragmentation of the raw forest residue char particles during the pyrolysis 
process, resulting from the higher volatile content. In addition, the oxygen to carbon 
ratio (O/C ratio) in the torrefied forest residue char was found to be higher than that in 
the raw forest residue char. Both the lower O/C ratio and larger char particle size could 
result in lower reactivity for the torrefied forest residue char, compared with the raw 
forest residue char. 




Karlstrom, et al. (2015) studied the gasification reactivities of the single char particles 
which were prepared in situ from the pellets of the raw and torrefied pine shell, olive 
stones and straw. The initial diameters of the pellets were 8 mm, while the heights were 
~ 3 mm. The initial carbon amounts of the char particles and the carbon conversion of 
the char particles were both estimated from the measured CO concentration during the 
char gasification process. It was found that the char reactivity of the torrefied olive 
stones was lower than that of the raw olive stones. However, the torrefied straw char 
was found to have higher gasification reactivity than the raw straw char, while both the 
raw and torrefied pine shell chars had similar gasification reactivities.  
According to the literature, the influence of torrefaction on the bio-char reactivity 
strongly depends on the biomass species and pyrolysis conditions. However, little work 
has been done to further explore the reason why torrefaction can influence the bio-char 
reactivity.  
2.5.2 Char characteristics 
Char reactivity strongly depends on the char characteristics, i.e., the char specific 
surface area (SSA), char carbonaceous structure and the catalytic effect of the inorganic 
matter. Therefore, the investigation of the influence of torrefaction on the char 
characteristics would help to better understand the influence of torrefaction on the char 
gasification reactivity. 
2.5.2.1 Char specific surface area 
The BET surface areas (obtained by employing N2 adsorption) of both the raw and 
torrefied (290 ˚C and 30 mins) willow chars produced in a CDS 2000 Pyrorobe at 
1000 ˚C and 1000 ˚C/s were analysed and compared with each other (Jones, et al., 
2012). It was found that the torrefied willow char had a higher BET surface area than 




the raw willow char. However, when the same raw and torrefied (290 ˚C and 30 mins) 
willow samples were pyrolyzed in a drop tube furnace at 1100 ˚C, the torrefied willow 
char was found to have a lower BET surface area than the raw willow char (McNamee, 
et al., 2015). The BET surface area of both raw and torrefied rice husk chars prepared at 
550 ˚C were investigated (Zhang, et al., 2016b). The torrefied rice husk char was found 
to have a lower BET surface area than the raw rice husk char. Therefore, the influence 
of torrefaction on the BET surface area of char is strongly dependent on the torrefaction 
and pyrolysis conditions, as well as the biomass species. However, the method of N2 
adsorption at 77 K for BET surface area measurement is not very suitable for use to 
evaluate the microporosity (< 0.7 nm) due to the existence of diffusional problems. In 
addition, the specific surface areas of micro-pores in both raw and torrefied biomass 
chars need to be studied, since the surface area of the micro-pores could make up a 
significant or even a majority part of the char materials (Kajitani, et al., 2002). 
Therefore, a suitable method is required to characterize the surface area of micro-pores 
in char. 
To overcome the diffusion problem in the micro-pores for the N2 adsorption at 77 K, 
the method of CO2 adsorption at 273 K has been investigated (Toda, et al., 1971; 
Wahby, et al., 2012). Due to the larger kinetic energy of the gas molecules resulting 
from the higher adsorption temperature (in contrast with N2 adsorption at 77 K), the 
CO2 molecules can enter narrow pores (< 0.7 nm) without the significant diffusional 
problems mentioned above. In that sense, CO2 adsorption allows one to obtain the 
surface area of the micro-pores (Lozano-Castelló, et al., 2004). Therefore, the 
investigation of the influence of torrefaction on the surface area of micro-pores 
achieved by CO2 adsorption at 273 K is very important. However, little relevant work 
has been reported. 




2.5.2.2 Carbonaceous structure of char 
Raman spectroscopy has been extensively used to characterise the structure of 
carbonaceous materials since Tuinstra and Koenig, in 1970, first correlated Raman 
bands to structural parameters measured from XRD for polycrystalline graphite 
(Tuinstra & Koenig, 1970; Li, et al., 2006). Due to its sensitivity to both the crystalline 
and amorphous structures, Raman spectroscopy has also been widely used to 
characterize the coal and biomass char structure, which can be correlated to the char 
reactivity (Senneca, et al., 1998; Lu, et al., 2002; Sheng, 2007; Zaida, et al., 2007; 
Okumura, et al., 2009; Asadullah, et al., 2010; Tay & Li, 2010; Wang, et al., 2014; 
Vallejos-Burgos, et al., 2016). Generally, the char samples exhibit two strong peaks at 
the D-band (1300−1400 cm-1) and G-band (1550−1600 cm-1), as shown in Figure 2.3. 
Traditionally, the D-band is associated with the disordered structure while the G-band is 
associated with the graphite E2g
2 band. Due to a high proportion of amorphous 
structures in the char samples, the D- and G-bands are usually broad and overlapped 
thus hiding more structural information in the ‘overlap’ (Li, et al., 2006).  





Figure 2.3 Raman shift of activated charcoal (Tuinstra & Koenig, 1970). 
To explore the detailed information hidden in the overlapped D- and G-bands for the 
highly disordered carbon materials, the Raman spectra has been deconvolved using 
some specific bands in the studied range of Raman shift. Five specific bands, i.e., the G-, 
D1-, D2-, D3- and D4-bands, were used to deconvolve the Raman spectra of lignite 
char (Sheng, 2007; Zhu & Sheng, 2010). The G-band (~ 1580 cm-1) was associated with 
the graphite E2g
2 band, as discussed above. In addition, the D1-band (~ 1350 cm-1) and 
D2-band (~ 1620 cm-1) were associated with graphene layer defects while the D3-band 
(~ 1530 cm-1) and D4-band (~ 1150 cm-1) were suggested to originate from a poorly 
organized structure (such as amorphous carbon). Good linear correlation was found 
between the area ratio of the D1-band to the G-band and the reactivity for the lignite 
char prepared at a lower temperature (< 800 ˚C). In addition, for the lignite char 
D-band G-band 
V-band 




prepared at a higher temperature (> 800 ˚C), good linear correlation was found between 
the reactivity and the ratio of the G-band area to the integrated area under the whole 
Raman spectra (800−2000 cm-1). The authors also suggested that the variation of 
catalytic activity for the inorganic matter was another important factor influencing the 
combustion reactivity of the char, especially the char prepared at lower temperatures 
(< 800 ˚C). 
Li, et al. (2006) employed ten bands to fit the Raman spectra curve (achieved by using a 
1064 cm-1 excitation laser) of the char while only six of them were main bands (i.e., G-, 
GR-,VL-,VR-, D- and S-bands) for all the char samples prepared from Victorian brown 
coal. The authors suggested that the G-band (~ 1590 cm-1) here could be mainly 
associated with the aromatic ring rather than with the graphite E2g
2 band since no 
convincing signs for the presence of graphite crystallite structure in their studied chars 
were observed, according the XRD spectra. In addition, the D-band (~ 1300 cm-1) was 
suggested as representing medium-to-large sized (≥ 6) aromatic ring systems. Moreover, 
the GR-, VL- and VR-bands at 1540 cm
-1, 1465 cm-1 and 1380 cm-1, respectively, may 
represent the aromatic ring system typically found in amorphous carbon materials. 
Furthermore, the S-band at 1185 cm-1 can represent the sp2-sp3 (hybrid orbitals) 
carbonaceous structures in the studied low rank coal chars. The total area of the Raman 
spectra (800−1800 cm-1) was found to increase with an increasing pyrolysis temperature, 
mainly due to the loss of O-containing functional groups and variations in the relative 
concentrations of small and large aromatic ring systems. In addition, the ratio of the 
D-band area to the total area of the GR-, VL- and VR-bands was found to increase with 
an increasing pyrolysis temperature, especially from 500 to 800 ˚C, for the studied 
chars. The increase in this ratio (AD/A(Gr+Vl+Vr)) indicates an increase in the ratio of large 
to small aromatic ring systems. Wang, et al. (2014) have investigated the influence of 




the chemical structure determined using Raman spectroscopy on the intrinsic reactivity 
of a lignite char and a bituminous coal char. The authors suggested that the proportion 
of the smaller aromatic ring structures (indicated by the area ratio of AD/A(Gr+Vl+Vr) 
discussed above) is an important factor influencing the intrinsic reactivity of the 
bituminous chars. However, for the lignite chars, the variation in the proportion of 
smaller aromatic ring structures could not be related to the variation in the intrinsic 
reactivity very well. Therefore, the authors suggested that there were other factors 
significantly influencing the intrinsic reactivity of the lignite chars. 
Okumura, et al. (2009) employed the intensity ratio of the V-band (lies at the valley 
with a shift of about 1500 cm-1, as shown in Figure 2.3) to the G-band (IV/IG) to indicate 
the degree of amorphousness of the wood char. With the increasing of the intensity ratio 
of IV/IG, the degree of amorphousness of the wood char was suggested to increase, thus 
leading to an increase in the char reactivity.  
The carbonaceous structure analysed by using Raman spectroscopy has been found to 
be an important factor which can affect the char reactivity significantly. However, little 
work has been reported on the influence of torrefaction on the biomass char 
carbonaceous structure characterized by using Raman spectroscopy. 
2.5.2.3 Catalytic effect of inorganic compounds 
The variation in the char carbonaceous structure could not correlate to the char 
reactivity very well in some cases, especially for the chars prepared from biomass and 
the low rank coal with high ash, as discussed above (Sheng, 2007; Zhu & Sheng, 2010; 
Wang, et al., 2014). Therefore, the catalytic effect of inorganic matter was suggested as 
playing a key role in influencing the char reactivity. Alkali (K and Na), alkaline earth 
(Ca and Mg), and transition (Fe) metals are widely found in both biomass and coal, and 




are found to have a significant catalytic effect on the char gasification reactions (McKee, 
1983; Suzuki, et al., 1992; Brown, et al., 2000; Li, et al., 2000; Struis, et al., 2002; 
Huang, et al., 2009; Suzuki, et al., 2011; Lahijani, et al., 2013). To investigate the 
effect of these metals on the char reactivity, the contents of these metals in the chars 
were changed via acid-washing (metals removing from raw fuel or char) (Samaras, et 
al., 1996; Kajita, et al., 2010; Duman, et al., 2014) or metal catalyst loading (metals 
adding to raw fuel or char) (Huang, et al., 2009; Lahijani, et al., 2013; Popa, et al., 2013; 
Li, et al., 2014b; Ding, et al., 2015; Perander, et al., 2015).  
It is well known that inorganic matter can undergo transformation and release during 
thermal conversion (e.g., pyrolysis and gasification) processes, thus influencing the char 
gasification reactivity. During the heat treatment of the mixture of ash-free coal and 
K2CO3 in N2 atmosphere, K2CO3 can react with carbon in the ash-free coal, with the 
release of CO at temperatures ranging from 700 to 950 ˚C (Kopyscinski, et al., 2014). 
Due to the reduction of K2CO3, a more active potassium-carbon intermediate was 
formed on the char surface, resulting in higher char gasification reactivity. However, 
potassium started to release from the carbon surface at temperatures above 800 ˚C, thus 
reducing the char reactivity. On the other hand, the presence of CO2 can inhibit the 
reduction of K2CO3, resulting in lower char gasification reactivity. 
Na loaded into the Loy Yang brown coal substrate as sodium carboxylates was found to 
undergo significant transformation and release during steam gasification at 800 and 
900 ˚C (Li & Li, 2006). The authors suggested that the volatilisation of Na at the initial 
stage of gasification/devolatilization was attributed to the volatile-char interactions, 
similar to those in the absence of steam. However, the release of Na at the later stages 
of gasification could be attributed to the physical entrainment of Na-containing species 
(e.g., Na2CO3 or Na2O). All these losses of Na could influence the char gasification 




reactivity significantly. The Na loaded into the Loy Yang brown coal substrate as NaCl 
was found to have very different catalytic effect on the char reactivity from the Na 
loaded as sodium carboxylates (Quyn, et al., 2003). The authors suggested that the 
retention of Cl in the char prepared from NaCl-loaded coal could significantly influence 
the char reactivity. Cl can be at least partly released (as HCl) during low temperature 
pyrolysis (e.g., 500 ˚C) thus allowing the sodium to be catalytically active in the char. 
However, Cl in the chars prepared at high temperatures tended to combine with Na in 
the char to form NaCl which is less catalytically active. The transformation and release 
of the inorganic matter (especially Na, K, Ca and Mg) were found to strongly depend 
on the chemical/physical forms of the carbonaceous materials, as well as the thermal 
treatment conditions, e.g. the heating rate for the pyrolysis, pyrolysis and gasification 
temperatures, total pressure and partial pressure of reaction gas (Li, et al., 2000; Quyn, 
et al., 2003; Bayarsaikhan, et al., 2005; Keown, et al., 2005; Lane, et al., 2015; Mi, et 
al., 2015). In addition, the monovalent species (Na and K) were found to be usually 
volatilised to a much larger extent than the divalent species (Ca, Mg and Fe) (Li, et al., 
2000). However, little work on the transformation and release of inorganic matter 
(especially Na and K) during the pyrolysis and gasification processes has been reported 
for torrefied biomass. 
To date, little study has been reported on the char carbonaceous structure and catalytic 
effect of inorganic matter for torrefied biomass chars. In addition, the specific surface 
area of the micro-pores in the torrefied biomass char still needs to be studied, since the 
surface area of micro-pores could make up a significant or even a majority part of the 
char materials.  




2.6 Implications for current study 
According to the literature review presented above, substantial contributions have been 
made on the solid fuels to FTL fuels process to improve their economic, energetic and 
environmental performance. The coal to FTL fuels processes have been widely studied 
and even applied due to the relatively low cost and plentiful reserves of coal. However, 
the CO2 emissions of the coal to FTL fuels processes impede their application. Both the 
concentrated solar thermal energy and biomass were proposed to partially or totally 
substitute coal for the gasification process, thus reducing the greenhouse gas emissions 
from the FTL fuels production process. In addition, the integration of concentrated solar 
thermal energy also has the potential to increase the output per unit of feedstock by 
saving feedstock in the gasification process.  
On the other hand, the continuous and steady operation desired by the FTL fuels 
production process and the transient nature of the solar resource lead to a challenge 
associated with process integration. Energy storage and hybridization are proposed to 
address this challenge. However, of the recently proposed solar hybridized coal and/or 
biomass to FT liquid fuels systems, the need for the storage of syngas, the need for 
expensive air separation, the need for pure oxygen storage or the need for high 
temperature molten salt storage have impeded their application. Therefore, new solar 
hybridization concepts need to be proposed for the solid fuels to FTL fuels process to 
address these issues by providing continuous and steady syngas flow and energy storage 
system with good techno-economic feasibility. 
In addition, the utilization of biomass in the gasification process is limited by some 
biomass properties, e.g. high oxygen content, high moisture content, low calorific value, 
hygroscopic nature and low density, which can result in low conversion efficiency and 




difficulties in collection, grinding, transportation and storage. As a mild thermal 
pre-treatment (200−300 ˚C) technology, torrefaction has been proven to address these 
issues. In addition, it has been found that torrefaction can affect the char reactivity 
which will further influence the design and operation of the gasification process. This 
effect strongly depends on the operating conditions and biomass species. To better 
understand the influence of torrefaction on char reactivity, investigation needs to be 
undertaken on the effects of torrefaction on the char characteristics which have been 
proven to have a significant effect on the char reactivity. However, little work has been 
report on this. 
2.7 Objectives of the present study 
The aims of the present thesis are to evaluate the annual performance of the solar 
hybridized coal and/or biomass to FTL fuels processes with novel configurations and to 
better understand the influence of torrefaction on the bio-char gasification reactivity. 
To achieve the aims, the following detailed objectives need to be obtained in the present 
thesis: 
1. To assess the annual averaged performance improvement of the proposed novel 
solar hybridized FTL fuels production process via SDFB gasification of lignite 
compared with an equivalent non-solar FTL fuels production process. 
2. To evaluate the sensitivity of annual performance of the proposed solar 
hybridized lignite to FTL fuels system to the solar multiple, the storage capacity, 
the char gasification conversion, and the quality of the solar resource.  
3. To assess the influence of the proposed new approaches (i.e., the addition of 
char separation, the co-gasification of biomass with coal, the incorporation of 
carbon capture with sequestration and the use of FT reactor tail-gas recycle) on 




the performance of the solar hybridized FTL fuels production system via an 
SDFB gasifier. 
4. To provide the difference in gasification reactivity between the raw and 
torrefied biomass chars and the sensitivity of this difference to pyrolysis 
temperature (800−1100 ˚C) and biomass species (wood, grape marc and 
macroalgae). 
5. To better understand the influence of torrefaction on the char gasification 
reactivity via investigating the char characteristics (i.e., specific surface areas, 
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A novel configuration of a solar hybridized coal to FTL fuels system via an SDFB 
gasifier has been proposed and analysed using a pseudo-dynamic model. This new 
concept has the potential to offer steady syngas output and sensible heat storage via 
solid particles. However, the calculated performance of the proposed solar hybridized 
FTL fuels production system is very sensitive to the char conversion in the gasification 
process. The addition of char separation has the potential to significantly increase the 
performance of the studied solar hybridized FTL fuels production system with 
relatively low char gasification conversion while the use of FT reactor tail-gas recycle 
has the potential to significantly increase the productivity of the main product FTL fuels. 
As expected, co-gasification of biomass with coal can significantly decrease the 
greenhouse gas emissions from the studied FTL fuels production systems compared 
with the equivalent systems via gasification of coal alone. However, the application of 
biomass is limited due to some properties, e.g., high oxygen content, high moisture 
content, low calorific value, hygroscopic nature and low density, which can result in 
low conversion efficiency and difficulties in collection, grinding, transportation and 
storage. Torrefaction can improve these properties, thus updating biomass to more 
attractive feedstock for gasification. However, torrefaction can also influence the char 
gasification reactivity, thereby affecting the design and operation of the gasification 
process. Therefore, the influence of torrefaction on the char characteristics was 
investigated to better understand the variation of the char gasification reactivity caused 
by torrefaction. It was found that the influence of torrefaction on the bio-char 
characteristics strongly depended on the biomass species and pyrolysis conditions. 
 




6.1.1 Performance Assessment of Fischer−Tropsch Liquid Fuels 
Production by Solar Hybridized Dual Fluidized Bed Gasification 
of Lignite 
The annual energetic and environmental performance of the solar hybridized coal to 
liquids (SCTL) system with an SDFB gasifier is achieved by using a pseudo-dynamic 
model that assumes steady state operation at each time step for a one-year, hourly 
integrated solar insolation. In addition, the sensitivity of annual performance of the 
present studied system to the solar multiple, bed material storage capacity, char 
gasification conversion, and the quality of solar resource was obtained. The solar 
multiple the ratio of the heliostat field area relative to that required to meet the demand 
of the DFB gasifier at the point of peak solar thermal output. 
To maintain continuous and steady operation of the proposed SDFB gasifier without 
feeding any supplementary fuel into the combustion reactor, a huge calculated storage 
capacity (over 900 hours) is required, thus lowering the feasibility of the proposed 
system. Under this condition, the maximum values of the annual solar share (SSann) and 
the utilization factor of the heliostat collector ( anncoll,U ) are calculated to be 30.4% and 
41.6%. Here, SSann is defined based on the energy input to present the percentage of 
solar energy in the total energy input, thus indicating the ratio of carbonless solar 
energy input to the carbonaceous fuel input. The maximum values of the percentage 
change in annual specific FTL output (ΔQs,FTL,ann), the percentage change in annual 
specific net electricity output (ΔWs,net,ann) and annual reduction of CO2 emissions 
(ΔECO
2
,ann) relative to their non-solar CTL counterparts are calculated to be 30.4%, 
41.6%, 50.9%, 25.7%, and 46.9%, respectively, for a char gasification conversion of 
100%.  




In addition, significant improvements in the performance of the studied solar hybridized 
system compared with the equivalent non-solar system are also possible when coupled 
with a more realistic storage capacity, even though some dumping occurs. For a solar 
multiple of 3 and a storage capacity of 16 hours, the values of SSann, ann coll,U , ΔQs,FTL,ann, 
ΔWs,net,ann, and ΔECO
2
,ann are calculated to be 21.8%, 40.8%, 32.6%, 13.9%, and 34.1%, 
respectively.  
On the other hand, both the energetic and environmental performance of the proposed 
SCTL system increases with the quality of the solar resource. The values of the 
calculated SSann of the proposed SCTL system are 21.8% by using the solar data in 
Farmington, NM, USA (2004/2005) and 14.6% by using the solar data in Dickinson, 
ND, USA (2004/2005). Moreover, the calculated performance of the studied SCTL 
system is also very sensitive to char gasification conversion. The SSann is reduced to 
zero as the char gasification conversion is reduced to 57%. In addition, for the presented 
studied case with lignite fuel as the feedstock, the calculated net mine-to-tank (MTT) 
CO2 emissions exceed the value of the baseline case of diesel derived from mineral 
crude oil. 
Therefore, new approaches are needed with which to further improve the energetic and 
environmental performance of the SCTL system, especially under relatively low char 
gasification conversions. 




6.1.2 System optimization for Fischer−Tropsch liquid fuels 
production via solar hybridized dual fluidized bed gasification of 
solid fuels 
New approaches, notably the incorporation of char separation, co-gasification of 
biomass and coal, the integration of carbon capture and sequestration (CCS) and the use 
of FT reactor tail-gas recycle, are proposed and found to be able to significantly 
improve the energetic and environmental performance of an FTL fuels production 
system using an SDFB gasifier. 
To achieve the well-to-wheel (WTW) CO2 emissions parity with the value of mineral 
fuel, a calculated biomass fraction of 47.9% based on HHV is required for the solar 
hybridized coal and biomass-to-liquids (SCTLbio) system with a char gasification 
conversion of 80%, a solar multiple of 2.64 and a storage capacity of 16 h. The value of 
this calculated biomass fraction can be decreased to about 47.9% by solar hybridization 
in the case of a solar multiple of 2.64 and a storage capacity of 16 h. In addition, the 
value of this calculated biomass fraction can be decreased to about 17% by 
incorporating CCS. 
On the other hand, an increase in the biomass fraction can result in a decrease in the 
calculated specific FT liquids output per unit feedstock (Qs,FTL,ann) of the proposed 
SCTLbio system, alongside an increase in the calculated specific electricity output per 
unit feedstock (Ws,net,ann). As the biomass fraction is increased from 0 to 100%, the 
value of the calculated Qs,FTL,ann is decreased from 59.6% to 48.3% while the calculated 
Ws,net,ann is increased from 10.4 to 16.7%. Furthermore, the addition of CCS results in a 
lower Ws,net,ann. However, the electricity is sufficient for self-sufficiency, even for the 
system with CCS. 




The use of FT reactor tail-gas recycle to the SCTLbio system has the potential to 
significantly increase Qs,FTL,ann and SSann while decreasing Ws,net,ann, especially for cases 
with a high biomass fraction. For a solar multiple of 2.64, a storage capacity of 16 h, a 
char gasification conversion of 80% and a biomass fraction of 0, the calculated values 
of Qs,FTL,ann and SSann are increased by 20% and 9%, respectively, by the use of tail-gas 
recycle. For the case with only biomass as the feedstock, the calculated values of 
Qs,FTL,ann and SSann can be increased by 49.6% and 27.3%, respectively. 
The addition of char separation also has the potential to significantly increase the 
performance of the proposed SCTLbio system. For a solar multiple of 2.64, a storage 
capacity of 16 h and a char gasification conversion of 80%, the calculated SSann of the 
studied SCTL system is increased from 12.2% to 20.3% by integrating char separation. 
Nevertheless, this influence decreases with an increase in both the biomass fraction and 
the char gasification conversion, due to the reduced amount of char from the gasifier 
(the fixed carbon content in the studied biomass (spruce wood) is lower than that in the 
studied lignite). 
Even the co-gasification of biomass with coal can reduce CO2 emissions from the 
proposed SCTL system significantly, large-scale application of the biomass is 
constrained by some biomass properties discussed in Section 1.1.3.2. In addition, 
torrefaction has been proven to be able to relieve this constraint. However, torrefaction 
can also influence the char gasification reactivity, thus affecting the design and 
operation of the gasification process. 




6.1.3 Gasification reactivity and physicochemical properties of the 
chars from raw and torrefied wood, grape marc and macroalgae 
In this study, it was found that torrefaction can influence the characteristics (i.e., 
specific surface area (SSA), concentration of catalytic species and the carbonaceous 
structure) of the char, thus influencing the char reactivity. In addition, the influences of 
the torrefaction process on char reactivity and char characteristics strongly depend on 
the biomass species and pyrolysis conditions. 
For a pyrolysis temperature of 800 ºC, the SSA and the concentration of the alkali 
metals (Na and/or K) of both the torrefied grape marc and the torrefied macroalgae 
chars were both found to be lower than those of the chars prepared from their 
corresponding raw fuels. These decreases can result in a lower gasification reactivity of 
the char which is consistent with the findings of the present study. 
For a pyrolysis temperature of 1000 ºC, the gasification reactivity for the torrefied grape 
marc char was also found to be lower than that of the raw grape marc char. On the other 
hand, the gasification reactivity for the torrefied macroalgae char was found to be 
higher than that of the char prepared from raw macroalgae. This increase is attributed to 
both the higher content of Na and the less uniform carbonaceous structure of the 
torrefied macroalgae char. 
The influence of torrefaction on both char gasification reactivity and physicochemical 
properties is not remarkable for the selected species of biomass and conditions of 
pyrolysis (800−1100 ˚C, a relatively low heating rate in the tube furnace and 
atmospheric pressure). However, considering the increase in the char yield resulting 
from torrefaction, the carbon conversion of the torrefied fuel in a gasifier could be 
significantly different from that of the corresponding raw fuel. In addition, this 




influence of torrefaction could be greater at different heating rates and pyrolysis 
pressures. 
6.2 Recommendations for future work 
Further studies are necessary to demonstrate the proposed configuration of solar 
hybridized coal/biomass to FTL fuels system via an SDFB gasifier and to improve 
understanding of the influence of torrefaction on the biomass char properties. The 
detailed recommendations are: 
1. One of the main challenges of the proposed SDFB gasifier is the method with 
which the concentrated solar energy is to be integrated to heat the bed material 
that is used to drive the gasification process. Therefore, a technically feasible 
and economically affordable configuration of the solar particle receiver, together 
with a possible particle transportation (e.g., from the ground to the tower) 
system can be proposed, assessed (by using a dynamic model to understand the 
impact of start-up and shut-down) and demonstrated.  
2. Another challenge of the proposed SDFB gasifier is the high temperature 
particle storage. Since the particles undergo the high heat flux in the solar 
receiver, some tiny particles could be overheated. Moreover, due to the severe 
conditions in the SDFB gasifier (e.g., ash coating, high temperature oxidization 
and reduction atmosphere), agglomeration could occur in the particle storage 
units. Therefore, further investigation can be performed to avoid the 
agglomeration in the particle storage units by better storage system design, 
better particle selection and so on. 




3. Economic analysis of the currently proposed solar hybridized FTL fuels 
production systems can be performed in the future to further evaluate their 
viability. 
4. Demonstration of char separation from the mixture of char and sand in the 
future. Demonstration of char storage is recommended since the high reactivity 
of it. 
5. In the present study, it was found that the influence of torrefaction on the 
biomass char properties strongly depends on the pyrolysis temperature. 
However, the dependences on the other pyrolysis conditions, i.e., heating rate, 
pyrolysis pressure and pyrolysis time can also be studied in the future. 
6. To understand the gasification performance (e.g., carbon conversion, tar 
generation, syngas composition, etc) of torrefied biomass in a DFB gasifier, 
relevant experiments of the DFB gasification of torrefied biomass need to be 
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